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We have used spherical neutron polarimetry to investigate the magnetic structure of the Mn spins
in the hexagonal semimetal Mn3Ge, which exhibits a large intrinsic anomalous Hall effect. Our
analysis of the polarimetric data finds a strong preference for one of the symmetry-allowed spin
structures. We show that weak ferromagnetism is an inevitable consequence of the symmetry of the
observed magnetic structure, and that sixth order anisotropy is needed to select a unique ground
state.
PACS numbers: 75.25.+z, 61.12.Ld
Very recently, Mn3Ge was found to display a large
anomalous Hall effect (AHE) of ∼50 Ω−1cm−1 at room
temperature [1, 2]. This finding was interesting because
Mn3Ge is an antiferromagnetic (AFM) metal, and a large
AHE is usually the preserve of ferromagnetic metals [3].
Moreover, the spontaneous AHE in Mn3Ge is strongly
anisotropic, and can be switched with a small applied
magnetic field [1, 2]. From a technological standpoint,
the concept of an AFM memory device that can be
switched is very attractive as there is no demagnetiza-
tion field, which limits the size of ferromagnetic materi-
als. The prospect of scaling down the size of magnetic de-
vices has prompted many studies of thin-film Mn3Ge [4–
9], and the initial results look promising.
Naturally, it is of interest to understand how such a
large AHE can occur in an antiferromagnet, and there
has been a spate of theoretical studies [2, 10–17]. The
symmetries of non-collinear antiferromagnets generically
do not forbid the AHE, and many works have proposed
that the particular chiral pattern of Mn spins can in-
deed lead to large Berry curvature at the Fermi sur-
face and thus a large AHE, as predicted by an earlier
work [18]. The AHE has also attracted recent interest
as a signature of Weyl points, which appear relatively
near the Fermi level in this system. The theoretical work
has led to predictions of other anomalous transport phe-
nomena in Mn3Ge, including the anomalous Nernst [10],
spin Nernst [10] and spin Hall effects [2, 12, 17]. These
theoretical predictions depend on the fine details of the
magnetic structure, so it is important to work with an
unambiguous solution for the zero-field magnetic struc-
ture of Mn3Ge.
The hexagonal unit cell of Mn3Ge can be described by
the P63/mmc space group (No. 194) with Mn and Ge on
the 6h and 2c Wyckoff sites, respectively. In practice, a
small excess of Mn is needed to stabilize the hexagonal
phase, so that the true chemical formula is Mn3+xGe1−x,
with x = 0.04 to 0.09 for samples prepared from the
melt [19]. For simplicity, we shall continue to write the
formula as Mn3Ge. The Mn atoms are arranged in a
Kagome pattern, with two Kagome layers per unit cell
stacked along the c-axis with an in-plane displacement.
FIG. 1. Symmetry-allowed magnetic structures of the Mn
spins in Mn3Sn/Mn3Ge, viewed in projection down the c axis.
The red and blue arrows correspond to Mn at Wyckoff posi-
tion 6h with z = 1/4 and 3/4, respectively. Ge atoms are
omitted for clarity. Only configurations in which the spins re-
lated by inversion symmetry are parallel and lie in the basal
plane are considered. The structures shown transform accord-
ing to the irreducible representations (irreps) of the D6h point
group. The symmetry label of the irreps is given, together
with our labels for the order parameters (in parentheses).
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2Antiferromagnetic order of the Mn spins sets in below
TN ' 380 K, and below roughly the same temperature
weak ferromagnetism in the basal plane is observed in
magnetisation measurements, with a zero-field remnant
moment of about 0.006µB per Mn at low temperature [1,
2, 20, 21].
Initial neutron powder diffraction studies of Mn3Ge
in the magnetically-ordered phase revealed that the Mn
spins lie in the ab plane in a 120◦ structure, with a
k = 0 magnetic propagation vector and an ordered mo-
ment of about 2.5µB [20, 22]. However, the magnetic or-
der could not be determined unambiguously because the
unpolarized-neutron powder diffraction intensities could
be described by several different in-plane spin configura-
tions [23, 24]. Subsequent magnetic diffraction studies
were performed on Mn3Ge single crystals with polarized
neutrons [24, 25]. However, the polarization of the scat-
tered beam, which contains important information for a
complete magnetic structure determination [26–29] was
not analyzed in these experiments. Moreover, the half-
polarized diffraction technique employed in these stud-
ies requires the sample to be in an applied field which
preferentially orients the Mn moments along the field di-
rection, undermining the elucidation of the true ground
state magnetic structure.
To circumvent these shortcomings, Brown et al. [23]
used spherical neutron polarimetry (SNP) to study the
magnetic structure of Mn3Sn, which is isostructural to
Mn3Ge. In a SNP measurement, the sample is necessar-
ily situated in a zero-field chamber, and the direction and
magnitude of the scattered neutron polarization is mea-
sured for a set of incident polarization directions. Brown
et al. considered six different symmetry-allowed mag-
netic structures. They were able to constrain the zero-
field spin structure of Mn3Sn to be either model III or IV
as shown in Fig. 1, but found that both gave an equally
good fit to their data [23].
In this work, we used SNP to investigate the zero-field
AFM structure of Mn3Ge by a similar method to that
of Brown et al. [23]. We show unambiguously that the
magnetic structure of Mn3Ge is described by model IV.
Mn3Ge single crystals were grown by the flux
method. Manganese powder (99.9%), germanium pow-
der (99.99%) and cadmium pieces were mixed in a molar
ratio of Mn:Ge:Cd = 7:2:48 and placed an alumina cru-
cible. This was sealed in a quartz tube under vacuum and
heated to 950◦C in 5 hours. The temperature was main-
tained for 20 hours before being slowly reduced to 650◦C
at a rate of 2◦C/h. The quartz tube was subsequently
removed from the furnace to cool to room temperature
before being centrifuged to separate the single crystals
from the cadmium flux. The flux growth produced shiny
metallic rods (see Fig. 2) with hexagonal cross-sections
and dimensions of up to 2 × 0.4 × 0.4 mm3 (length along
the crystal c-axis). Single crystal x-ray diffraction pat-
terns obtained from the crystals are consistent with the
FIG. 2. (a) The experimental set-up of the SNP of Mn3Ge
in the horizontal diffraction geometry. The photograph shows
flux-grown single crystals prepared in this work. (b) and (c)
depict the crystal orientations with the b- and c-axis vertical,
respectively, to access the h0l and hk0 families of reflections.
The reflections studied in this work are labeled with black
squares.
P63/mmc space group and demonstrate that the crys-
tals are of good crystalline quality, and the magnetic be-
haviour is consistent with previous data on Mn3Ge (see
Supplemental Material [21]).
SNP measurements [30] were performed with the CRY-
OPAD device [31] installed on the D3 diffractometer at
the Institut Laue–Langevin (Grenoble, France) in the
horizontal scattering geometry. The technique involves
determining the magnitude and direction of the polar-
ization of the scattered neutrons for incident neutron po-
larizations along principal directions x, y and z, where x
is along the scattering vector Q, z is perpendicular to the
scattering plane, and y is chosen to complete the right-
handed Cartesian set [see Fig. 2(a)]. The polarization
of the scattered neutrons is resolved along the principal
directions, giving a matrix P whose elements Pij repre-
sent the j component of the scattered polarization for
an incident beam polarized in the i direction. A po-
larized, monochromatic incident beam was produced by
diffraction from the (111) planes of a ferromagnetic crys-
tal of Heusler alloy (Cu2MnAl). Nutator and precession
fields were used to control the direction of the incident
polarization and the direction along which the scattered
polarization was analysed. The scattered beam polariza-
tion was measured with a 3He spin filter. A correction
was made for the time decay of the efficiency of the fil-
ter based on measurements of a nuclear Bragg reflection
with almost zero magnetic component.
The weak ferromagnetism of Mn3Ge is a potential
problem for SNP, as it could cause depolarization of the
neutron beam in the sample. This problem was miti-
gated in three ways: (1) In the first set of measurements,
the crystal was magnetized in a field of 1 T applied along
the b-axis before it was installed in the cryostat mounted
3FIG. 3. Comparison between the observed and calculated polarization matrix elements Pij for the Bragg peaks measured in
the (a) (h0l), and (b) (hk0) scattering planes. For each reflection, the symbol and vertical bar represent (from left to right)
Pxx, Pxy, Pxz, Pyx, Pyy, Pyz, Pzx, Pzy and Pzz. Reflections marked with a ∗ are measurements that were repeated with the
incident polarisation reversed.
on CRYOPAD. This was done in order to reduce depo-
larization at the boundaries between magnetic domains.
(2) The dimensions of the crystal were relatively small, as
mentioned earlier. (3) A relatively short neutron wave-
length of λ = 0.85 A˚ was used. The field integral for a
typical beam path through the crystal of 0.5 mm and rem-
nant magnetization of 0.006µB/Mn is about 3×10−6 Tm.
This corresponds to a maximum neutron precession angle
of about 7◦ at λ = 0.85 A˚, which can be neglected.
The crystal of Mn3Ge was first mounted with the b-
axis vertical, to access the h0l reflections, and was sub-
sequently remounted with the c-axis vertical in order to
study the hk0 reflections [see Figs. 2(b) and (c)]. All
measurements were made at a temperature T = 2 K.
Figure 3 presents the set of measured polarization ma-
trix elements Pij for each of the reflections studied [see
TABLE I. The χ2 goodness-of-fit statistic for the refinements
of models I–IV against the measured polarization matrices in
the two scattering planes investigated.
I II III IV
(h0l) 21173 118434 577 336
(hk0) 9603 16561 9560 87
Figs. 2(b) and (c)]. Panels (a) and (b) contain data from
the (h0l) and (hk0) scattering planes, respectively.
For a few reflections, indicated in Fig. 3 by an aster-
isk, measurements were made with the incident polar-
ization reversed, as a check. We find that the neutrons
suffer from negligible depolarization. This is best exem-
plified by the matrix elements Pzz for the 100
∗ reflection
in Fig. 3(a) and Pyy for the 100, 210, 110
∗ and 110 re-
flections in Fig. 3(b), which are all almost unity.
Using the Mag2Pol program [28], we set up the four
different magnetic structure models depicted in Fig. 1.
Where applicable, magnetic domains were also incorpo-
rated in the spin configuration models. For instance, for
models III and IV, the spin configurations allow for six
orientation domains, related by±60◦ rotation of all of the
in-plane Mn spins about the c-axis (although only three
matter because the scattering cross-section is invariant
under 180◦ rotation of all the spins).
For each model I–IV, we calculated the full set of nine
matrix elements for each of the measured reflections, and
refined the length of the Mn moment and the domain
populations (where applicable) via a least-squares fit to
the measured polarization matrices (See Supplemental
Material [21]). The SNP technique is generally not sensi-
tive to the length of the moment, but when the magnetic
propagation vector is k = 0, as in Mn3Ge, the length of
4the moment can be obtained from the nuclear–magnetic
interference scattering [29].
The values of the χ2 goodness-of-fit statistic obtained
from the different refined models are tabulated in Table I.
We find that the measured polarization matrices are de-
scribed best by model IV, which is better than any of the
other models by a significant margin. A comparison be-
tween the observed and calculated polarization matrices
for model IV is given in Fig. 3. We note that model IV
is also compatible with the observation of weak in-plane
ferromagnetism, because only models III and IV allow a
weak in-plane ferromagnetic moment while retaining the
symmetry of the magnetic structure (see below).
The estimated moment length is 2.65(2)µB, which is
in agreement with earlier studies [32, 33]. Moreover, the
domain populations that give the best fit to the data
are 60%, 36(3)% and 4(1)%, respectively. The signifi-
cantly larger population of one domain over the other
two in-plane orientations of Mn spins is consistent with
the sample having been cooled from room temperature
in a 1 T in-plane field.
There have been a number of attempts to determine
the magnetic ground state of Mn3Ge by ab initio density
functional theory (DFT), with differing results [2, 10–
14, 33]. References 2, 12–14, and 33 predict that the
most stable spin configuration is model IV, consistent
with our findings. On the other hand, Ref. 10 found
the most stable magnetic structure to be model III, and
Ref. 11 suggests that the Mn moments display non-planar
order [11]. These latter predictions are not supported by
our experiment. The difference in energy between mod-
els III and IV, which are related by an in-plane rotation
of the Mn moments by 90◦, is reported to be only a few
meV, and at the limit of computational uncertainty of
DFT [2, 10, 11, 13]. Moreover, owing to strong electronic
correlations among the Mn 3d states, the electronic bands
near the Fermi level are strongly broadened, as also found
in Mn3Sn [34], making it difficult to ascertain which cal-
culation best describes the band structure through com-
parison with angle-resolved photoelectron spectroscopy.
These problems emphasize that, as far as magnetic struc-
ture determination is concerned, ab inito studies are no
substitute for experiment.
In order to understand certain aspects of the magnetic
behavior we consider the effective spin Hamiltonian [15,
24, 25, 35, 36],
H = HH +HDM +Hanis, (1)
where HH describes nearest-neighbor Heisenberg ex-
change, HDM is the in-plane Dzyaloshinskii–Moriya
(DM) interaction, and Hanis is the orthorhombic single-
ion anisotropy. We make the assumptions (based on ex-
periment) that the spins lie in the plane and that spins in
one layer in the unit cell are parallel to those in inversion-
related sites in the adjacent layer (see Fig. 1). The de-
pendence of the Hamiltonian on the active degrees of
freedom is then conveniently expressed in terms of four
symmetry-adapted order parameters S, S′, A and M,
which transform according to irreducible representations
(irreps) of the point group D6h (See Fig. 1 and Supple-
mental Material [21]). The first two transform as scalars
under rotations, and have B1g and B2g symmetry, re-
spectively. M = (Mx,My), which describes the average
in-plane magnetization, and A = (Ax, Ay) are 2D irreps
with E1g symmetry. Spin structures III and IV shown in
Fig. 1 correspond to modes Ax and Ay, respectively.
Explicit expressions for the order parameters are given
in the Supplemental Material [21], and the Hamiltonian
can be expressed in terms of these as
H =− J1
6
(S2 + S′2 +A2 − 2M2)
+
D
2
√
3
(−S2 − S′2 +A2)
+
1
3
{K1S2 +K2S′2 + K1 +K2
2
(A2 +M2)
+ (K1 −K2)A ·M}. (2)
Here, J1 is the nearest-neighbor in-plane exchange in-
teraction, D is the DM interaction, and K1 and K2 are
anisotropy constants perpendicular and parallel to the
local easy axis, respectively.
The observed spin structure (Model IV) belongs to the
A order parameter, so assuming the hierarchy of inter-
actions |J1|  |D|  K1,2 (Ref. 15) we can conclude
that J1 > 0 and D < 0. Moreover, once A condenses, a
small in-plane magnetization becomes inevitable through
the coupling term A ·M. The weak ferromagnetism ob-
served in Mn3Ge arises, therefore, because the ground
state magnetic structure has the same symmetry as M.
The magnetic ground states described by A form a
one-parameter manifold A = A(cos θ, sin θ). The Hamil-
tonian (1)–(2) does not favour any particular θ, and
hence does not account for why the system selects Ay
(θ = pi/2) as its ground state. Indeed, earlier studies
of the spin Hamiltonian of Mn3Ge reported that the in-
verse triangular spin structure should have no in-plane
anisotropy energy up to fourth order [1, 15, 24, 25].
Anisotropy can be introduced if we include a sixth or-
der term in Hamiltonian,
H6 = C1(A3x −AxA2y)2 + C2(A3y −AyA2x)2
=
A6
2
{(C1 + C2) + (C1 − C2) cos 6θ}. (3)
This term splits the degeneracy of the ground state man-
ifold of A into two states, Ax and Ay (see Supplemental
Material [21]). Given that the observed ground state
magnetic structure is Ay, with θ = pi/2, we expect
C1 − C2 > 0.
In conclusion, we have determined the magnetic struc-
ture of Mn3Ge uniquely, and we have demonstrated that
5the weak in-plane ferromagnetism observed below TN is
intrinsic to Mn3Ge and an inevitable consequence of the
symmetry of the magnetic structure. We have also shown
that the magnetic ground state is selected by sixth-order
anisotropy. The results of this work will be important
in future theoretical studies which address the discrep-
ancies between the calculated and measured AHE in
Mn3Ge [1, 2, 11, 13, 16].
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